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Abstract: A new method which uses a gamified and also experimental procedure for investigation, 

discovering and understanding the conversion from binary to decimal numbers, and the way of representing them 

in seven-segment displays, is presented here for the first time. In order to achieve the goal, FPGAs and the 

hardware programing language VHDL are used. Students also gain experience on a modern hardware programing 

language and they obtain applicable results from their program, thus enhancing their algorithmic thinking. In 

practice, two quads of FPGA’s input switches are used, one for each student, and depending on which switches 

they set to ON or OFF, they try to display the requested decimal number on the seven-segment display. If both 

answers are correct, all the LEDs light up. Otherwise, the LEDs are off and the characters FA (FALSE) are 

displayed so they must try to form the correct number again. In all cases, the two numbers formed from both 

students appear in the displays. 

Key words: gamified learning method, binary to decimal, FPGAs, VHDL, seven-segment display 

representation 

1. Introduction 

It is widely known (Piaget Jean et al., 1952; Bovet Magali, 1976; Cherry K., 2020; Kurt S., 2020; Bruner J. 

S., 1978, 1983, 1995; Gagne R. M., 2005; Erotokritou Stavrou Th., & Koutselini, M., 2016; Jewitt C., 2008) that 

active teaching methods, in which student investigates, experiments and ultimately discovers knowledge 

experientially, result in better knowledge consolidation. In fact, if the whole process uses STEM, collaborative and 

project learning methods (Artigue M., 2006; Avouris N., Dimitracopoulou A., & Komis V., 2003; Daher W., & 
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Awawdeh Shahbari J., 2020; Kennedy T. J., & Odell M. R. L., 2014; Handrianto C., & Rahman M. A., 2018; 

Faber J. M., Glas C. A. W., & Visscher A. J., 2018) and contains a gamified way of learning and finally presents 

the acquired knowledge to the rest of the trainees, then the results are even better. 

Another interesting fact is that Field Programmable Gate Arrays (FPGAs), have attracted research interest for 

industrial, as well as other applications (Yussup M., 2014; Gujar A., 2014; Singh S., Saini A. K., & Saini R., 2014; 

Muthukrishnan S., & Priyadharsini R., 2014; Chen L., Chang Y., & Yan L., 2022; Yarlagadda S. et al., 2021; Du 

C., & Yamaguchi Y., 2020; Hao X., Lin C., & Wu Q., 2020; Bawiskar P. A., & Agrawal R. K., 2015; Saroch K., 

Sharma A., 2013; Parikh, R. S. 2018; Sebastian Strube, Gabor Molnar, & Hans-Ulrich Danzebrink, 2011; Sanjay 

Singh, Chandra Shekhar, & Anil Vohra, 2017; Joel Dunham, & Eric Johnson, 2012), but there is a lack of FPGAs’ 

educational applications. Our work combines new teaching methods with a technologically advanced and pioneer 

area, in order to achieve better educational results. 

Computer simulations for understanding binary-to-decimal conversion are useful, but our method using 

FPGAs and on-board switches and displaying the results on seven-segment displays, has significant advantages. 

The student acts on his own and discovers knowledge, handling hardware and its behavior and additionally 

manages to experience the use of a hardware programming language in this kind of applications. He also 

discovers in practice, the use of algorithmic structures. Our method is aimed at teenage students, who do not yet 

have a clear knowledge of the binary system. It can also be used by teachers of other specialties and not only 

Informatics teachers. It is also possible to use our method for university students, where it could be extended so 

that more than 4 switches representing respective bits could be used to represent bigger decimal numbers. 

The results of applying our method in the classroom were very encouraging and certainly achieved the 

original goal to a large extent. 

2. Software and Hardware Used in This Work 

VHDL is the hardware programing language used here and Intel’s Quartus Prime is the programing tool for 

creating VHDL files. VHDL is a hardware description language (Hardware Description Language), which is used 

to develop integrated digital circuits and systems. VHDL code is the basic file type accepted as input to digital 

circuit design software (Computer Aided Design or CAD), to create complex integrated circuits. The VHDL 

language is widely used to describe and implement digital systems in FPGAs (Field Programmable Gate Arrays). 

VHDL differs from conventional languages because it is not intended to describe operations performed 

serially, one after the other. Each sentence or section code describes functions, which produce results in 

synchronization with other parallel functions. The simulation results are produced based on strict time 

specifications at various points of the circuit and finally at the outputs of the FPGA. 

Field Programmable Gate Arrays (FPGAs) are digital circuits consisting of a large number of logical gates 

which are electrically connected via semiconductor switches. VHDL program activates the FPGA’s circuits 

needed each time in order to exhibit the appropriate circuit behavior (counter, multiplexer, ALU, memory etc.). 

We used the DE10 Lite FPGA board with an Altera MAX10 generation chip, shown in Figure 1. 
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Figure 1  DE10 Lite FPGA Board Used in This Work 

3. FPGA Programing and Operation 

The main function of the VHDL program used here is shown in the block diagram of Figure 2. 

 
Figure 2  Block Diagram of the VHDL Program Used in Our Method 

 

Both students use four different to each other FPGA board switches, attempting to represent correctly the 

requested decimal number. The two inputs are combined and if both students are correct all LEDs light up, while 

at the opposite case LEDs are OFF. Decimal numbers formed from both students are represented at seven-segment 

displays. 
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The program consists of three parts. The first one is the switches input part. The second is the condition 

check part and third one is LEDs and seven-segment displays’ behavior. 

A VHDL program always starts with entity and continues and finishes with architecture. The above block 

diagram of Figure 2 corresponds to architecture part. Entity follows libraries’ declarations and contains all ports 

(IN, OUT, buffers etc.) used in the program. Below is entity used in our program: 

LIBRARY ieee; 

USE ieee.std_logic_1164.all; 

ENTITY Project_game  IS 

PORT(c :IN std_logic_vector (3 DOWNTO 0); 

d :IN std_logic_vector (3 DOWNTO 0); 

e :buffer std_logic_vector (3 DOWNTO 0); 

ex1: OUT std_logic_vector(6 DOWNTO 0); 

ex2: OUT std_logic_vector(6 DOWNTO 0); 

ex3: OUT std_logic_vector(6 DOWNTO 0); 

ex4: OUT std_logic_vector(6 DOWNTO 0); 

ex5: OUT std_logic_vector(6 DOWNTO 0); 

ex6: OUT std_logic_vector(6 DOWNTO 0); 

led1: out std_logic; 

led2: out std_logic; 

led3: out std_logic; 

led4: out std_logic; 

led5: out std_logic; 

led6: out std_logic; 

led7: out std_logic; 

led8: out std_logic; 

led9: out std_logic; 

led10: out std_logic  

); 

END Project_game; 

It is obvious that c and d inputs correspond to the two quads of FPGA’s switches, while ex1, ex2, ex3, ex4, 

ex5 and ex6 are the outputs of seven-segment displays. FPGA’s LEDs also act as output. 

The architecture part of our program, as mentioned above, corresponds to the block diagram of Figure 2, 

except for switches’ input, which comes from entity part. Checking of the inputs follows and is shown below 

using a process, where the signals state_LED and state_e are related to LEDs lighting and e output to 

seven-segment display, respectively: 

process (c,d) begin  

 IF (c=d)  AND (c="1001") then-- we set 1001 as the right number  

  state_LED <= '1'; 

  state_e <="0001"; 
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 else 

  state_LED <= '0'; 

  state_e <="0000";  

  end if; 

 end process; 

Finally the LEDs lighting and seven-segment display part of our program are shown below: 

ARCHITECTURE behaviour OF Project_game IS 

signal state_LED: std_logic; 

signal state_e: std_logic_vector (3 DOWNTO 0); 

BEGIN 

 

WITH c SELECT 

ex1<= "1000000" when "0000", -- 0, active low, i.e., 0:display & 1:no display 

      "1111001" when "0001", -- 1 

      "0100100" when "0010", -- 2 

      "0110000" when "0011", -- 3  

      "0011001" when "0100", -- 4 

      "0010010" when "0101", -- 5 

      "0000010" when "0110", -- 6 

      "1111000" when "0111", -- 7 

      "0000000" when "1000", -- 8 

      "0010000" when "1001", -- 9 

      "1000000" when "1010", --10 

      "1111001" when "1011", --11 

      "0100100" when "1100", --12 

      "0110000" when "1101", --13 

      "0011001" when "1110", --14 

      "0010010" when "1111"; --15 

WITH c SELECT 

ex2<= "1000000" when "0000", -- 0, active low i.e. 0:display & 1:no display 

      "1000000" when "0001", -- 1 

      "1000000" when "0010", -- 2 

      "1000000" when "0011", -- 3  

      "1000000" when "0100", -- 4 

      "1000000" when "0101", -- 5 

      "1000000" when "0110", -- 6 

      "1000000" when "0111", -- 7 

      "1000000" when "1000", -- 8 
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      "1000000" when "1001", -- 9 

      "1111001" when "1010", --10 

      "1111001" when "1011", --11 

      "1111001" when "1100", --12 

      "1111001" when "1101", --13 

      "1111001" when "1110", --14 

      "1111001" when "1111"; --15 

WITH d SELECT 

ex3<= "1000000" when "0000", -- 0, active low i.e. 0:display & 1:no display 

      "1111001" when "0001", -- 1 

      "0100100" when "0010", -- 2 

      "0110000" when "0011", -- 3  

      "0011001" when "0100", -- 4 

      "0010010" when "0101", -- 5 

      "0000010" when "0110", -- 6 

      "1111000" when "0111", -- 7 

      "0000000" when "1000", -- 8 

      "0010000" when "1001", -- 9 

      "1000000" when "1010", --10 

      "1111001" when "1011", --11 

      "0100100" when "1100", --12 

      "0110000" when "1101", --13 

      "0011001" when "1110", --14 

      "0010010" when "1111"; --15 

WITH d SELECT 

ex4<= "1000000" when "0000", -- 0, active low, i.e., 0:display & 1:no display 

      "1000000" when "0001", -- 1 

      "1000000" when "0010", -- 2 

      "1000000" when "0011", -- 3  

      "1000000" when "0100", -- 4 

      "1000000" when "0101", -- 5 

      "1000000" when "0110", -- 6 

      "1000000" when "0111", -- 7 

      "1000000" when "1000", -- 8 

      "1000000" when "1001", -- 9 

      "1111001" when "1010", --10 

      "1111001" when "1011", --11 

      "1111001" when "1100", --12 

      "1111001" when "1101", --13 

      "1111001" when "1110", --14 
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      "1111001" when "1111"; --15   

led1 <= state_LED; 

led2 <= state_LED; 

led3 <= state_LED; 

led4 <= state_LED; 

led5 <= state_LED; 

led6 <= state_LED; 

led7 <= state_LED; 

led8 <= state_LED; 

led9 <= state_LED; 

led10 <= state_LED; 

e <= state_e; 

 

WITH e SELECT 

ex5<= "0111111" when "0001",  

      "0001110" when "0000", 

    "1111111" when others;  

 

WITH e SELECT  

ex6<= "0111111" when "0001",  

      "0001000" when "0000", 

   "1111111" when others;  

          

END behaviour; 

It was mentioned above that outputs ex1, ex2, ex3, ex4, ex5 and ex6 are related to seven-segment displays. 

As shown in Figure 1, DE10 Lite FPGA board is equipped with six seven-segment displays, appearing at the 

down left part of the board. Outputs ex1, ex2, ex3, ex4, ex5 and ex6 correspond to board’s displays from left to 

right 2, 1, 5, 6, 4 and 3, respectively, as shown in Table 1. 
 

Table 1  Outputs ex1, ex2, ex3, ex4, ex5 and ex6 Correspond to Board’s Displays 

Display 1 Display 2 Display 3 Display 4 Display 5 Display 6 

ex2 ex1 ex5 ex6 ex4 ex3 

tens units ⎯ or F ⎯ or A tens units 
 

It is obvious that the first two-digit number created from student1 using four FPGA’s SW switches, is shown 

in display1 and display 2, while the second number created from the other student is shown in display 5 and 

display 6. Displays 3 and 4 show when both numbers are correct and F A when at least one number is wrong. 

All the above are presented in Figures 3 and 4. 
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Figure 3  Seven-Segment Displays’ Results When One or Both Students Formed Wrong Number 

 

 

Figure 4  Seven-Segment Displays’ Results When Both Students Formed the Correct Number 
 

Figure 3 presents the results of wrong number formation, while Figure4 shows the results when both students 

form the right number, using SW switches. 

Another very important procedure that needs to be well explained to students, is the way of presenting in 

seven-segment displays, the decimal numbers resulting from the conversion of corresponding binary numbers. 

Since the conversion is done in a way that will be explained later, next step is the part of VHDL code that drives 

seven-segment displays to present the decimal number. It is worth noting here that each imaging unit (digital tube) 
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contains seven sectors (seven-segment display) and each of them must be commanded to light up or not, in order 

to form one digit of the decimal number. 

Notice that seven segments start at A and end at G, as shown in Figure 5. 
 

 
Figure 5  Seven-Segment Display Digital Tube 

 

The De10 Lite FPGA board of this work, uses active low method at its seven-segment displays. This means 

that every segment is activated so it lights up, when it receives a zero (0) bit and it is OFF when it receives a one 

(1) bit. Taking into account all the above facts if, for example, number 3 needs to be represented then “0110000” 

must be sent to a digital tube where from right to left, A segment receives 0, B receives 0, C receives 0, D receives 

0, E receives 1, F receives 1 and G receives 0. All segments receiving 0 will light up and the opposite holds true 

for those which received 1, thus forming number 3. 

Based on the above mechanism the programmer must prepare an appropriate program for succeeding correct 

decimal numbers representation. The use of multiple choice algorithmic structure is used for all outputs related to 

seven-segment displays of this work. An example for ex1 is shown again for better understanding and it will be 

explained to students in detail: 

 

WITH c SELECT 

ex1<= "1000000" when "0000", -- 0, active low, i.e., 0: display & 1: no display 

      "1111001" when "0001", -- 1 

      "0100100" when "0010", -- 2 

      "0110000" when "0011", -- 3  

      "0011001" when "0100", -- 4 

      "0010010" when "0101", -- 5 

      "0000010" when "0110", -- 6 

      "1111000" when "0111", -- 7 

      "0000000" when "1000", -- 8 

      "0010000" when "1001", -- 9 
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      "1000000" when "1010", --10 

      "1111001" when "1011", --11 

      "0100100" when "1100", --12 

      "0110000" when "1101", --13 

      "0011001" when "1110", --14 

      "0010010" when "1111"; --15 

4. Applying Our Method in Students’ Classroom 

We applied our method to students, during four non-consecutive teaching hours.  

1st hour: 

At first students become familiar with FPGAs and VHDL. They are organized into groups of 3–4 people and 

each group watches an informational video using a personal computer and if needed, having teacher’s guidance 

and explanations. Working in their groups, they try to discover answers to a variety of simple questions 

concerning FPGAs and VHDL. Then each group makes a brief presentation about the most important concepts of 

FPGAs and VHDL and the answers they gave. Next comes a short demonstration by the professor about Intel’s 

Quartus VHDL programming environment using a video projector. Finally in the last few minutes of the teaching 

hour, brainstorming takes place, concerning Quartus and the students’ impressions about it, compared to other 

programing environments.  

Needless to say that all the above of 1st teaching hour’s work, is not necessary for students familiar with 

FPGAs, VHDL and Quartus. They can spend the hour programing the FPGA.  

2nd hour:  

Now is the time of binary to decimal conversion study. Students are watching a few minutes presentation 

from teacher concerning the above issue. The main aspects of the presentation are given below. 

The binary number can be converted to a decimal number by expressing each digit as a product of the given 

number 1 or 0 to the respective power of 2.  

The decimal number for a given binary one of the form (a5 a4 a3 a2 a1 a0)2 is, D = (a5×25) + (a4×24) + (a3×23) 

+ (a2×22) + (a1×21) + (a0×20). 

We can convert 10101 to the decimal number form in the following way: 

The binary number 10101 is expressed as (10101)2 = (1×24) + (0×23) + (1×22) + (0×21) + (1×20) = (21)10. 

Thus, the binary number 10101 is expressed as (21)10. 

Table 2 and Table 3 present powers of 10 and powers of 2, respectively. The third row of Table 3 has values 

of 1 or 0, at the appropriate positions, in order to form (10101) of binary system. 

It should be mentioned here that each one of four FPGA switches used by each student, correspond to a 

power of 2, as shown in Figure 6. Thus when the switch is ON means that the specific power of 2 has a factor of 

binary 1. Factor 0 goes to that power of 2 if switch is OFF. 
 

Table 2  Decimal System 

10000 1000 100 10 1 

104 103 102 101 100 
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Table 3  Binary System 

512 256 128 64 32 16 8 4 2 1 

29 28 27 26 25 24 23 22 21 20 

0 0 0 0 0 1 0 1 0 1 
 

 
Figure 6  Powers of 2 Corresponding to FPGA’s Switches Used by Two Students 

 

Since we are using four switches for each student, it is obvious that we are using four bits for binary numbers, 

thus the maximum decimal number which can be represented is 15. All decimal numbers from 0 to 15 can be 

represented in seven-segment displays. 

Study continues with lots of examples given by the teacher, needed to be solved from students. 

Finally students are experiencing the process for representing the decimal number that came out of the 

conversion, in seven-segment displays with the way it was presented in previous part 3 of this work. 

Understanding the above way of representation is crucial for students because it will be used in the program they 

will write below. 

3rd hour: 

The main goal was to successfully program the FPGA in VHDL language, in order to perform our method 

correctly. Block diagram of Figure 2 is given to students, along with stating the problem we are trying to solve. 

Students are divided to groups and each group provides the part of the program needed to form total program. 

4th hour: 

As a culmination of the effort made by the students, the most pleasant hour of gamified learning, follows. 

Α practical implementation of representing decimal numbers on the FPGA's seven-segment displays, takes 

place. Students play multiple roles. Some of them ask for specific decimal number formation, others solve the 

problem in their papers and other students try to form the right decimal number, using FPGA’s switches. All 

students manage to alternatively play all the roles. 

In conclusion, we could say that we achieved the desired goal to a large extent. 

As it was expected, there was a difficulty when writing the program, since the students’ experience with 

VHDL was relatively small. Students showed great interest and had fun, when acting in groups and playing the 
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role of presenter, demonstrating to their classmates, using FPGA board switches, the way of practically 

representing in seven-segment displays, specific numbers, which other students asked for. 

5. Conclusions 

We presented here, for the first time, a new method for investigating, discovering and understanding the 

conversion from binary to decimal numbers, and the way of representing them in seven-segment displays. Our 

method uses a gamified and also experimental procedure in conjunction with the use of FPGAs and the hardware 

programing language VHDL. Students work in groups and present their results from gained experience on a 

modern hardware programming language (VHDL) and its applicable results, thus enhancing their algorithmic 

thinking. They also practice with the way of converting binary to decimal numbers and representing decimal 

numbers to seven-segment displays, by using appropriate algorithmic structures. Students finally use two quads of 

FPGA’s input switches, one for each student, and depending on which switches they set to ON or OFF, they try to 

display the requested decimal number on the seven-segment display. All FPGA’s LEDs light up only if both 

students’ answers are correct. Otherwise, the LEDs are off and the characters FA (FALSE) are displayed and 

students must try again to form the correct number. In all cases, the two numbers formed from both students 

appear in the displays. Students play multiple roles. Some of them ask for specific decimal number formation, 

while other students try to form the right decimal number, using FPGA’s switches. In conclusion, we could say 

that the desired goal was sufficiently achieved. 
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